The use of sequestering agents for the transformation of radionuclides in low concentrations in contaminated soils/sediments offers considerable potential for longterm environmental cleanup. This study evaluated the influence of four phosphate amendments and two microbial amendments on U availability. The synchrotron X-ray fluorescence mapping of the untreated U-contaminated sediment showed that U was closely associated with Mn. All tested phosphate amendments reduced aqueous U concentration more than 90%, likely due to formation of insoluble phosphate precipitates.
metal ions like Ca
2+ have been demonstrated to have a positive influence on metal ionexchange and mineralization in the presence of phytate (Nash et al., 1997) . Contaminant metals may be coprecipitated or exchanged with Ca in Ca phytate at concentrations that are insufficient to promote precipitation by themselves (Wise, 1986) . Additionally, metals such as Pb may be strongly sorbed to precipitated Ca phytate without resulting in the stochiometric release of Ca 2+ (Wise, 1986) . Although coprecipitation or metal exchange with Ca phytate may initially reduce contaminant metal solubility, Nash and coworkers (Jensen et al., 1996; Nash et al., 1997 Nash et al., , 1998a suggest Ca phytate hydrolysis and mineralization release inorganic PO 4 , which can result in further contaminant immobilization through the formation of insoluble secondary contaminant-phosphate precipitates in a manner similar to the addition of apatite or hydroxyapatite (HA) to metal contaminated sediment/soil.
The objective of this paper was to evaluate phosphate amendments for the cost effective remediation of U -contaminated soil/sediments and to identify phosphate /microbial interaction that could affect remediation effectiveness.
Materials and methods

Phosphate and microbial amendments
Three types of phosphate (rock phosphate, biological phosphate, and chemical reagent -calcium and sodium phytate) and two microbial amendments (Alcaligenes piechaudii and Pseudomonas putida) were tested. Alcaligenes pechaudii was isolated from petroleum hydrocarbon-contaminated soil in Uppers Sillesia, Poland (Plaza et al., 2005) , and it was used for petroleum bioremediation. Pseudomonas putida is a powerful phosphate solubilizer (Rodriguez et al. 1999) and was used for remediation of Pb contaminated shooting range soil (Wilson et al., 2006 (Evans et al., 1992; Bertsch et al., 1994) .
Hanford sediment was uncontaminated and was collected from Trench 8. It was included in this study to provide a measure of how uranium behaved in these treatments with a high carbonate-containing sediment. Because U concentrations were low in this sediment, analyzed for U and metals by ICP-MS, and the third replicate was used to measure pH values. The samples were extracted with water for one week, after which they were extracted with 12 mL of 1 M MgCl 2 and analyzed for U and metals by ICP-MS.
Differences among treatments were statistically tested as previously described for the U removal experiments. Evaluation of the effects of the amendments on the U extractability in Tims Branch sediment was conducted in the same manner as for the spiked Hanford sediment; however, the sterilization step was omitted.
Synchrotron X-ray fluorescence mapping
Microprobe Synchrotron X-ray Fluorescence (SXRF) measurements were made of the untreated Tim's Branch sediment at the National Synchrotron Light Source (NSLS), at the Brookhaven National Laboratory located in Upton, NY. The synchrotron hard X-ray fluorescence microprobe on the bending magnet at X26A of the NSLS was used with a channel-cut Si(110) monochromator. Microfocusing optics were used to produce the Xray beam (Eng et al. 1995) . A double elliptical Au-or Rh-coated Kirkpatrick-Baez mirror system angled at 2 mrad was used to focus a 350-by 350-µm monochromatic Xray beam 7 µm vertical by 13 µm horizontal beam (Eng et al. 1995) . Milligram quantities of sediment were contained within fitted plastic inserts with polypropylene and kapton windows, placed in a metal frame and mounted on an automated, digital x-y-z stage at 45 o to the beam. Fluorescent X-rays were detected with a 9-element Ge Array detector (30 mm 2 area; Canberra) mounted at 90 o to the incident beam and about 1 cm from the sample. Elemental mappings on the samples were conducted using micro-SXRF imaging at several areas, ranging from 100 µm by 100 µm to 300 µm by 300 µm in size. For elements with absorption energies below 18.5 keV, SXRF was performed by collecting 20 s live counts in the elemental regions of interest and rastering the sample in 4 to 5 µm steps in the x-y plane.
Results and discussion
Effect of phosphate and microbial amendments on U removal
All tested phosphate amendments reduced aqueous U concentration more than 90%, likely due to formation of insoluble phosphate precipitates ( Figure 1 ). Ranking of the treatments by U removal effectiveness was: calcium phytate (CaP)> biological apatite (BA)>North Carolina apatite (NCA)>Florida apatite (FA)>organoclay (OC)>sodium phytate (NaP). Differences among treatments were statistically significant (F=58.52, P<0.001), and U concentrations in all treatments except OC, P. putida, and NaP were significantly (P<0.05) lower than in the spike. The addition of A. piechaudii and P. putida alone were found to reduce U concentrations by 63% and 31%, respectively ( Figure 1 ). However, these two microbes were less effective than phosphate for aqueous U removal. Also as expected, sodium phytate and organoclay were not good sorbents for U. When phosphate amendments were mixed with microbial treatments, U removal by phosphate was not enhanced (Figure 2) . Instead, the distribution coefficients (K d values)
for U in phosphate treatments were substantially reduced in the presence of microbes (Figure 3 ). Uranium may react with apatite to form mineral phases of the autunite group, a diverse group of over 40 minerals, having the general formula: M(UO 2 PO 4 ) 2 -nH 2 O (Bostick et al., 2000) . Apatite minerals are known to react with many transition and heavy metals, metalloids, and radionuclides to rapidly form secondary phosphate precipitates that are stable over a wide range of geochemical conditions (Wright 1990 , Wright et al., 1987 , Ma et al., 1994 , and Arey at al., 1999 . Murray et al. (1983) have demonstrated the use of synthetic apatite for the retention of uranium and its daughter products from uranium mine leachates. Gauglitz et al. (1992) and later Jeanjean (1995) also demonstrated the removal of soluble U by crystalline apatite phase. Bostick et al. (2000) demonstrated that ground fish bone (biological apatite) is highly effective for the removal of soluble uranium from synthetic groundwater matrix, and that autunite (calcium uranyl phosphate) crystalline phase is formed at high loadings of uranium. Also, Wright et al. (1995) showed that biological apatite is very effective in U removal from aqueous phase. Arey et al. (1999) also showed that apatite additions lower aqueous U to near proposed drinking water standards in batch equilibrations of two distinct sediment strata having total U concentration of 1703 and 2100 mg kg -1 , respectively. However, there are very limited data in the literature on the influence of microbes on the effectiveness of phosphate amendments. Most papers present data on the bioreduction of U or microbes that solubilize phosphate minerals to promote plant growth and yield. Our data showed that the effectiveness of phosphate in the presence of two tested microbes was reduced, as indicated by K d values (Figure 3) . However, on the other hand, microorganism are very efficient biosorbents (Kurek et al., 1996) , and therefore, the U concentration in our study in the presences of only microbes was reduce by 31 and 63%, respectively by P. putida and A. piechaudii (Figure 1 ).
Addition of two phosphate amendments alone, North Carolina apatite and calcium phytate at 5 wt %, significantly reduced water extractable U from Tim's Branch (TB) sediment (Figure 4) . However, in treatments where TB sediment was treated with phosphate and microbial amendments (P. putida) U removal from the water soluble fraction was less or the same in the treatments where TB sediment was treated by phosphate amendments alone (Figure 4 ). Other researches, for example, Arey et al., (1999) also demonstrated that minor additions (5 g kg -1 ) of hydroxyapatite significantly reduced both the water-soluble and TCLP-extractable U. Thermodynamic calculations indicated that contaminant metal solubility was less than that of the pure metal phosphate (e.g., autunite for uranium), despite evidence that metal solubility was enhanced somewhat by the presence of soluble humics. Thus, understanding the processes controlling the formation of secondary phosphate precipitates is critical to predicting the long-term stability of the immobilized contaminant metal. In addition, phosphate is likely to reduce the solubility of trace metals associated within Fe oxides that dissolve under anoxic conditions. Addition of phosphates increased the pH of TB sediment from 5.42 to 6.36 and 6.95, respectively, for North Carolina apatite and calcium phytate (Table 1) . However, the pH of the TB sediment treated with bacteria decreased from 5.52 to 5.18, when compared to the control (i.e., untreated TB sediment) ( Table 1 ). The decrease of sediment pH might be attributed to the secretion of proton, amino acid and organic acids through metabolic activities of bacteria (van der Lelie et al., 1999; Huang et al., 2002) . On the other hand, the addition of bacteria to the phosphate treated TB sediment had no effect or only a slight effect on sediment pH (Table 1) . Addition of phosphate alone released significant amount of Ca and P ( . Such significant dissolution of Mn could cause release of U and other elements to the water solution since it is well know that many elements have high affinity for Mn mineral phases. The sychrotron X-ray fluorescence map of TB sediment ( Figure 6 ) shows clearly that U associated mostly with Mn, therefore, dissolution of Mn mineral phases in the presence of P. putida very likely also cause U dissolution, and this explains why aqueous U concentrations increased in TB sediments treated with P. putida (Figure 4) . In TB sediment treated with phosphate, especially calcium phytate, substantial release of Fe was also observed (Figure 2 ). The release of Fe could reduce the ability of phosphate amendments to immobilize U and other metals due to the strong affinity of Fe oxides for these elements ( Figure 6 ).
Increased release of Fe or Mn was very likely related to higher native microbial population in calcium phytate ( Figure 5) . Therefore, the contribution of microorganisms to U removal was examined by testing P amendments with their natural populations and autoclaved amendments (sterilized i.e., without microbial populations). The effects of sterilization of amendments on U mobility were evaluated by water extraction and 1 M MgCl 2 extraction.
ANOVA showed that sterilization of amendments had a statistically significant effect on U mobility (F=284.16, P<0.001) (Figures 7 and 8) . The U concentration in 1 M MgCl 2 extract from the U spiked Hanford sediment was 437 µg/kg, but in the same sediment without microbes (autoclaved), the U concentration was only 103 µg/kg (P<0.05, Holm-Sidak test) (Figure 8 ). In amended Hanford sediment that was sterilized by autoclaving and treated with sterilized biological apatite, U concentration in the 1 M MgCl 2 extract was zero compared with 74 µg/kg in unsterilized sediment that was treated with biological apatite (P<0.05, Holm-Sidak test). These comparisons strongly suggest that microbes enhance U mobility (Figure 8 ).
Bacteria may enhance the mobility of heavy metals or radionuclides, e.g., they increase the water soluble or MgCl 2 soluble fraction by dissolution and desorption from the secretion of proton and various ligands. Generally, in the presence of bacteria, the sediment pH decreases and dissolved organic carbon increases. Thus, more metals could be transformed to the higher mobile fractions (Wu et al., 2006) . On the other hand, bacteria could adsorb, immobilize and complex metals and radionuclides via surface interaction and secretion of chelating agents, which results in metals transformation to more stable forms. For example, Wu et al. (2006) showed that water-soluble Zn was significantly increased in the presence of bacteria. Also, Huang et al. (2002) reported that inoculation of rhizobia increased water-soluble Zn and DTPA exchangeable Zn in sediment. However, other researches; Berthelin et al., 1990 and Kurek and Majewska (2004) Trichoderma koningii biomass after a 42-day incubation was connected with a transfer of this element from this operational fraction to the most stable residual fraction. However, the role of bacteria in phosphate remediation technology needs to be carefully evaluated;
considerable attention should be paid to the increasing downward movement of U and other elements induced by bacterial inoculation, in order to prevent any secondary pollution to groundwater or ambient regions.
Conclusions
Radionuclides that contaminate soils/sediments cannot be destroyed, but their toxicity can be diminished through alteration of their chemical speciation. 
